We previously developed a six-DOF parallel link force display that is actuated by six hydraulic cylinders. The manipulability of the display, however, was insufficient at first, because the dynamic performance of each cylinder was not necessarily the same as that of the others. To overcome this problem, in the present study we have applied disturbance compensation to improve manipulability. To demonstrate a practical application of this force display, we also have constituted a master-slave system in which the display is adopted as the master and the same type of hydraulic manipulator is adopted as the slave. An operator manipulated the system so thatthe slave touched a flexible object serving as a load. Our experiments confirmed that the system was controlled with relatively good dynamic performance and that the operator was able to feel the load force sensitively through the force display.
INTRODUCTION
In a teleoperated manipulation system, the operator needs not only a visual representation but also force feedback from a remote location. To achieve this, we have developed a six-DOF parallel link force display that is actuated by six hydraulic cylinders [1] . This force display is able to transmit feedback from a large force to the operator and to be rigid by using hydraulic cylinders as actuators. This device takes up little space and its construction is relatively simple. It provides six degrees of freedom of motion, owing to its parallel ' link mechanism. The manipulability of the display we initially developed, however, was insufficient because the dynamic performance was not necessarily the same from cylinder to cylinder, and because pistons drifted even when there was no input signal, by the null shift of the control valves.(In general, when a control valve is in the neutral position, it prevents the oil from flowing, but otherwise the oil flows.) To overcome this problem, in this study we apply disturbance compensation control with a disturbance observer. This solution compensates for the error caused by the cylinder dynamics and the null shift of the control valves. Furthermore, we apply this force display to a bilateral master-slave system and confirm its validity through an experiment in which the slave contacts a certain object. Figure 1 illustrates our hydraulic parallel link force display. Because it is based on a Stewart platform, its workspace is small, its construction is simple, and yet it is both highly precise and rigid. In this force display, six hydraulic cylinders (piston stroke: 40mm, maximum pressure: 5MPa) are joined between an end-effector and a base by ball joints. The displacement of each piston is measured by potentiometers. A six-axis force/torque sensor, mounted on the end-effector, can detect six degrees of freedom through the force that an operator applies to the grip. Back-drivability is one of the significant properties of any force display. Namely, a display must be operated freely by means of manual force. However, an actuator in a hydraulic servo-system can hardly be moved manually by the operator. As a practical solution to this problem, in our previous paper we proposed a way to drive a hydraulic servo-system by means of a force sensor [2] . We apply the same method to this force display. Namely, we use such a sensor to detect the six-axis force/torque of the operator and then transform this input into the axial force of each hydraulic cylinder. The cylinders are then driven actively based on this force. In the last chapter, we mentioned a method to drive this system based on a six-axis force/torque sensor. However, differences between the cylinders in dynamic performance or the null shift of the control valves directly affect the motion of force display, because this method lacks a position feedback loop. For instance, the end-effector is forced to lean in spite of the operator's upward movement. Or, displacements of the cylinders change slightly even when no force is applied to the grip.
HYDRAULIC PARALLEL LINK TYPE OF FORCE DISPLAY
To overcome problems such as these, we apply to the system a method of compensating for disturbances using a disturbance observer. This method assumes the differences in the dynamics of the cylinders and the null shift of control valves for disturbances. 3.1 Design of Disturbance Observer First, our design of a disturbance observer is derived from an ideal model of a hydraulic system. For such a system, the following assumptions are made.
(1) The control valve and the amplifier are treated as proportional elements.
(2) The compressibility of oil is neglected. Under these assumptions, the hydraulic system is expressed approximately as a second-order time lag system, and the fundamental equations are written as the following state space equations for the state
where xpt: displacement of piston, xpt: velocity of piston, Ap: cross-sectional area of piston, cp : viscous damping coefficient of piston, K,,: gain of control valve, Kp: pressure-flow coefficient, Kx: gain of flow rate, M: mass of load cylinder. Considering the real system as the ideal system onto which a disturbance is superimposed, the state space equations of the real system are written as follows. Subscript (i) represents the number of cylinders. (3) where K is the gain of the disturbance observer .
In the disturbance compensation control with a disturbance observer, the system is controlled by subtracting the estimated disturbance di(t) from the control input. In order to allow for the gain of the discretized disturbance observer, we allocated the poles of the disturbance observer to positions closer to the origin of the z-plane than those of a control system without the disturbance observer, within the limits of instability in actual operation.
Experimental results and consideration
In this section, we analyze experimentally the dynamic responses of the hydraulic force display that is applied to the system described above . In the experiment, at first we put all cylinders in the neutral position (the mid-point of the stroke) and applied step inputs to all six cylinders as shown in Figure 3 (a). This operation corresponds to the action of an operator releasing the grip after applying a force of 1.3 [N] perpendicularly upward for one minute while maintaining the orientation of the end-effector . Figure 3(b) shows the displacements of the six cylinders without disturbance compensation control. This figure shows that the cylinders have different velocities due to differences in the dynamics of the cylinders . Consequently, the end-effector was forced to lean . All cylinders were expected to be at a standstill after the control inputs became 0 [V], but the displacements of cylinders, such as No.1 or No.5, were changed due to the null shift of the control valves . These properties can be improved to some extent by adjusting the gain of the amplifier or the null position of the control valves . This would not be practical, however , because such adjustments depend on the temperature of the oil and because adjusting them every time is inconvenient . Figure 4 Results of force display operation Figure 3(c) shows the results of disturbance compensation control with a disturbance observer. The velocities of the six cylinders were almost the same. This shows that the control system successfully compensated for the differences in the dynamics of the cylinders. Consequently, the operator was able to operate the end-effector perpendicularly upward without changing the orientation. The cylinders were at a standstill after the control inputs became 0 [V].
In the actual operation of the force display, when the piston reached the end of the cylinder, the force display became unstable and the operator's ability to feel the operation was diminished. This was caused by an incorrect estimation of the disturbance at the end of each cylinder, where there is a non-linear part. We then modified the program so that it did not estimate the disturbance at the end of the cylinder. Figure 4 shows the results of the operation of the force display by means of manual force. It shows the force applied by the operator and the displacement of each piston. In order to obtain clear results, the experiment was performed under the simple condition that the end-effector was able to move in the direction of the z-axis only. After the end of each cylinder was reached, all dynamics within each individual cylinder were nearly the same. (In this figure, the curves of the piston displacements are overlapped.) Therefore, the operator was able to obtain a good feel for the operation.
APPLICATION TO A MASTER-SLAVE SYSTEM

Master-slave system
In order to realize a teleoperated manipulation system, it is necessary to constitute a master-slave system in which the master and the slave correspond, respectively, to a force display and an actuating manipulator, and to control them with a bilateral control method. In this study, we constitute a master-slave system using a
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Relay station Slave Figure 5 Remote manipulation system hydraulic manipulator as a slave that is the same as a force display, and we confirm the validity of this force display through experiments in which the slave contacts a certain object. Figure 5 shows a schematic diagram of the master-slave system. The master (force display) and the slave are controlled by two computers, one for each display. In this system, they communicate through a server process in a computer network for various purposes. This enables one to connect to them from any address in the network and to use them as master and slave. For a master-slave control, the master and the slave are connected through a relay station, where a client process runs. The relay station not only relays data but also displays and saves the data of each manipulator (displacement of piston, force/torque and control inputs, etc). We used a real-time OS (RT-linux) to realize real-time control. In this experiment, using the LAN that serves our laboratory the communication delay by the network was able to be neglected and all processes were performed within the control period (lms).
Bilateral control
The following types of system constitutions for bilateral control are proposed: symmetric position servo type, force reflection type, force reflecting servo type, parallel control type, symmetric force feedback type and others [3] [4]. We previously investigated the validity of this control method in a one-DOF hydraulic master-slave system [2] . Here, we constitute the system based on symmetric force feedback type, one of the methods that produced good results in the earlier study. Figure 6 shows a block diagram of the bilateral control. Disturbance compensation control with the disturbance observer is added at the master to improve the Position regulator: KQ (P control) where Kpm, Kps, Kp, Ke are proportional gains of the controller and Kdm, Kds, Kd are differential gains of the controller.
Experiments in contacting objects
We first try an experiment in which a soft object, a sponge used for crating, is contacted. The setup of the experiment is illustrated in Figure 7 . As shown in the fi gure, the sponge was set on a metal plate perpendicular to the y-axis. The operator operated the force display as a master to move the slave and carried out the tasks by pushing the grip attached to the end-effector against the sponge. When the slave is not in contact with the object, the master and the slave are driven according to the signal of the operator's force detected by the six-axis force/torque sensor. When the slave contacts the object, the sensor of the slave detects the force/torque and the controller controls it so that it agrees with that of the master. The master then feeds back the reaction force of the contact to the operator. Figure 8 shows responses of force/torque of the master and the slave. In this experiment, force on the y-axis and moment around the x-axis were produced largely because the object was set perpendicular to the y-axis. The system was kept stable when the slave contacted the object, and the force/torque of the slave was able to be The displacements of the pistons are shown in Figure 9 . Some displacements of the master and the slave did not agree accurately because we gave priority to the stability of the system when we adjusted the gains of the controllers. In this experiment, the operator was able to feel the softness of the object by using the force display. Secondly, we tried an experiment in which a hard object was contacted. The hard object was a 3-mm-thick rubber sheet, which is placed perpendicular to the y-axis, and the sheet was put on a metal plate. Figure 10 shows responses of force/torque of the master and the slave. The force/torque of the slave was able to be controlled almost completely in agreement with that of the master, except for a slight vibration upon contact. The displacements of the pistons are shown in Figure 11 . In this case, some displacements of the master and the slave agreed closely, while others did not. In this experiment, however, the operator was able to feel the hardness of the object by using the force display.
CONCLUSION
First, we applied disturbance compensation control with disturbance observer to the developed hydraulic force display in order to improve manipulability. As a result, the velocities of the six cylinders were almost uniform and the drifts of the piston displacements were reduced. This improved the manipulability of the force display. Then, we applied this force display to a master-slave system and performed experiments in contacting objects. As a result, the operator was able to feel the load forces as they exist in the working environment.
